ABSTRACT: Inducamides A−C (1−3), three new chlorinated alkaloids featuring an amide skeleton generated by a tryptophan fragment and a 6-methylsalicylic acid unit, were isolated from a chemically induced mutant strain of Streptomyces sp. with the inducamides only being produced in the mutant strain. Their structures, including stereochemistry, were determined by spectroscopic analysis, Marfey's method, and CD spectroscopy. O ver the past decade, it has become clear that many biosynthetic gene clusters in bacteria and fungi are silent under standard laboratory fermentation conditions. 1 For example, the most well studied Streptomyces strain, S. coelicolor, initially produces four classes of metabolites under laboratory fermentation, but genomic characterization suggests it has the capacity to produce >30 families of metabolites.
O ver the past decade, it has become clear that many biosynthetic gene clusters in bacteria and fungi are silent under standard laboratory fermentation conditions. 1 For example, the most well studied Streptomyces strain, S. coelicolor, initially produces four classes of metabolites under laboratory fermentation, but genomic characterization suggests it has the capacity to produce >30 families of metabolites. 2 In order to unlock the chemical potential of these organisms, efforts are underway to combine the use of genome mining and heterologous expression. 3 Until now, another seven classes of metabolites from S. coelicolor have been identified. 2 An alternative approach is to activate the silent biosynthetic gene clusters under fermentation conditions. 1, 4 The use of histone deacetylase inhibitors and other epigenetic modifiers, pioneered by Keller and others, has become routine in the discovery of natural products from fungi. 5 For bacteria, a number of groups are pursuing strategies involving the use of coculture, relying on chemical cues or physical interactions to induce metabolite production. This strategy has resulted in the isolation of emericellamides A and B. 6 In a very innovative strategy, Ochi and co-workers developed a successful strategy for activating biosynthetic pathways in actinomycetes by selection of antibiotic-resistant strains with mutations in the gene encoding for the ribosomal protein S12 (RPSL, using streptomycin) or RNA polymerase β-subunit (RNAP, using rifampicin). 7 The strategy works because these mutations modulate bacterial gene expression, including natural product biosynthetic pathways. This method has been utilized to induce production of the antimicrobial cyclic peptide piperidamycin A. 8 In order to exploit the potential of tapping into greater biosynthetic capacity, we selected a subset of ∼20 actinomycete strains from our microbial collection that showed limited metabolite production as analyzed by LC−MS and had no antimicrobial activity in a disk-diffusion assay against Bacillus subtilis. The 20 strains were subjected to RNAP engineering with various concentrations of rifampicin (10−1000 μg/mL), and all rifampicin-induced resistant mutants were subjected to small-scale fermentation and LC−MS analysis to look for changes in metabolite production. Herein we report the induction of the chlorinated metabolites inducamides A−C (1−3) from a mutant strain of Streptomyces sp. designated as strain SNC-109-M3 (Figure 1 ). Details of mutant strain generation can be found in the Supporting Information.
Streptomyces sp. mutant strain SNC-109-M3 was obtained by selection with 64 μg/mL rifampicin, and the mutation was determined to have a X442F mutation of the β subunit of bacterial RNA polymerase (Figure 2b ). We also found the major peak in wild type strain SNC-109 at 7.5 min was also present in mutant strain SNC-109-M3, which confirmed that SNC-109-M3 was derived from the parental strain. Fermentation of the mutant strain using a seawater-based medium in a 2.8 L flask and subsequent purification gave inducamide A (1) as a colorless oil. The negative ESIMS spectrum exhibited a characteristic chlorinated quasimolecular ion peak cluster at m/ z 405/407/409
− with a ratio of 9:6:1, indicating two chlorine atoms in the molecule. The molecular formula could Analysis of the 13 C NMR and HSQC data for 1 (Table 1 ) revealed nine quaternary carbons (one carbonyl and eight olefinic carbons), seven methine groups (six olefinic carbons and one α-carbon of amino acid), one sp 3 methylene carbon, and one methyl carbon.
The 1 H NMR spectrum (Table 1) , and 21-CH 3 to C-14 and C-18 indicated the 3-chloro-6-hydroxy-2-methylbenzoic acid fragment. Because the key HMBC correlations connecting these two fragments were not detected, there were two possible connections between the two fragments involving either an amide or an ester linkage ( Figure  S1 , Supporting Information).
In order to determine the correct connection, a methylation reaction was carried out using TMS-CHN 2 , and LC−MS analysis revealed the presence of two methyl groups corresponding to formation of a methyl ester at C-20 and a C-15 methyl ether (Scheme S1, Supporting Information). Thus, the structure of 1 was assigned as depicted. In order to determine the absolute configuration of the 6-chlorotryptophan unit we utilized Marfey's method. 9 The 4 Cl, indicating that one of the −Cl atoms of 1 was replaced by a −H. Analysis of the 1 H NMR revealed a spinsystem reminiscent of 1,2-disubstituted benzene at δ H 7.63 (1H, d, J = 7.9), 7.32 (1H, d, J = 8.1), 7.08 (1H, t, J = 7.3), and 7.00 (1H, t, J = 7.3). The 1 H and 13 C NMR data of compound 2 were almost the same as those of compound 1 except that the 3,6-disubstituted indole of 1 was replaced by a 3-substituted indole of 2. The HMBC correlations of H-10 to C-20, and H-11 to C-13 and C-20 confirmed the connection between tryptophan and 3-chloro-6-hydroxy-2-methylbenzoic acid (Figure 3) . By using a strategy similar to that described above, the absolute configuration of tryptophan unit was determined to be L using an authentic L-Trp sample ( Figure S2 C NMR spectra of 3 (Table S1 , Supporting Information) with those of 1 showed that the methine signal at δ H/C 7.62/119.2 in 1 was replaced by a quaternary carbon signal at δ C 152.4 in 3. In addition, C-5 and C-9 were shifted upfield, indicating the H-4 in 1 was replaced by an −OH group in compound 3.
Moreover, C-16 was shifted upfield, suggesting the 15-OH was esterified with the carboxyl to form a seven-membered ring. The 2D NMR confirmed this structure, with the key HMBC correlations being H-5 to C-6 and C-9, H-7 to C-6 and C-9, 1-NH to C-2, C-3, C-8 and C-9, H-2 to C-8 and C-9, H-10 to C-2, C-3 and C-9, H-11 to C-13, H-16 to C-14 and C-18, H-17 to C-15, C-18 and C-19, and 21-CH 3 to C-14, C-18 and C-19 (Figure 3) .
On the basis of the biosynthetic arguments, it could be assumed that the stereochemistry of the tryptophan moiety in 3 is the same as 1 and 2. When we measured the CD spectrum of 3 in MeOH at 0.1 mM, we observed a signal that was indicative of exciton coupling, 10 which showed a negative bisignate Cotton effect [λ max (Δε) 286 (−5.5), 234 (+19.8)] (Figure 4) . We hypothesize this could be due to exciton coupling between the π−π* transitions of the two chromophores: the indole unit and the benzoyloxy group. Application of the Harada− Nakanishi nonempirical rule 10 for exciton chirality CD predicated the negative and positive bisignate Cotton effects for (11S)-and (11R)-isomers, respectively (Figure 4) .
The formation of 1 and 2 is relatively straightforward ( Figure  5 ), with the 2-methyl-3-chlorosalicylic acid moiety most likely originating from polyketide biosynthesis (although it could be shikimate derived) and subsequently chlorinated to yield 6-hydroxy-3-chloro-2-methylbenzoic acid. 11 The acylation of the salicylic acid with L-tryptophan resulted in compound 2 ,which was chloridated to yield compound 1.
12 Inducamide C (3), however, involves a few additional steps, oxidation of of 6-chloro-L-tryptophan at C-4 and an unusual intramolecular esterification to form the seven membered ring of 3. This type of cyclization has been encountered only in a metabolite of a marine Streptomyces strain. 13 In the context that these molecules are only produced in the mutant SNC-109 strains, it seems most probable that the RNAP mutations activate chlorosalicylic acid production.
The antibacterial activities for compounds 1−3 against Pseudomonas aeruginosa and Bacillus subtilis were evaluated by an agar dilution method. These compounds did not show significant antibacterial activities (IC 50 ≥ 50 μM). Compound 3 does exhibit modest cytotoxicity against the NSCLC cell line HCC44 at 10 μM.
The introduction of mutations into the ribosome or RNA polymerase of actinomycetes has been demonstrated by Ochi to be a straightforward approach for induction of secondary metabolites. We have exploited this method with a Streptomyces strain that produced relatively few compounds as analyzed by LC−MS. We believe this straightforward method, coupled with advances in LC−MS technology, provides a high-throughput method for inducing/enhancing production of microbial metabolites. It is important to note that although we identify mutations in RNAP in SNC-109-M3, there is the possibility of additional mutations in the bacterial genome, which could be responsible for the induced expression. Further studies by our laboratory and others are needed to understand the empirical data.
